Abstract. We present semi-analytical models of high redshift Lyman-α emitters (LAEs) in order to constrain the star formation efficiency in those galaxies. Our supernova feedback induced star formation model along with Sheth-Tormman halo mass function correctly reproduces the shape, amplitude and the redshift evolution of UV and Lyman-α luminosity functions of LAEs in the redshift range z = 2 to 7.3. We show that the fraction of Lyman-α emitting galaxies increases with increasing redshifts reaching to unity just after the reionisation. However, we show that star formation efficiency in those LAEs does not show any redshift evolution within the uncertainty in available observations. This would have significant repercussion on the reionisation of the intergalactic medium.
Introduction
High redshift galaxies with strong Lyman-α emission (i.e. Lyman-α emitters) are detected using narrow band searches with targeted redshifts. Such narrow band technique is successful in detecting Lyman-α emitters (LAEs) in the redshift range 2 ≤ z ≤ 7.3 [i.e. 1-11]. However, their detectability depends on the emissivity of Lyman-α line and the radiative transport of it through the galaxy as well as through the intergalactic medium (IGM). In addition to narrow band searches galaxies are regularly identified using "drop-out" technique [i.e. 12] even upto a redshift z ∼ 10 [13] [14] [15] [16] . Galaxies detected by this technique are known as Lyman break galaxies (LBGs). Unlike narrow band searches, the dropout technique is very efficient in selecting galaxies with strong stellar UV continuum and hence biased by the UV luminosity of galaxies. Thus, these two techniques are successful in detecting galaxies with different selection bias and provide useful constraints on different physical properties of such galaxies. Therefore, one should consider both of them together in any theoretical study of galaxy evolution. Even though present day improved observational technology has made an impressive number of observational studies of LAEs available, the theoretical understanding of them is still in preliminary stages. This is because, the Lyman-α line is a resonant transition and the Lyman-α emissivity depends on many physical properties of the host galaxy such as amount of star formation, initial mass function of stars, the dust and neutral hydrogen content and the velocity field of the interstellar medium that governs the Lyman-α escape fraction, the duty cycle of Lyman-α phase etc. These are still poorly constraint from the present day observations. Several studies of Lyman-α emitters are available in the literature using simulation [17] [18] [19] [20] [21] [22] [23] [24] and semi-analytical models [25] [26] [27] [28] [29] [29] [30] [31] [32] .
However, recent advancement of observations extending to higher redshifts, especially the constraints on the escape fraction of Lyman-α photons in high redshift galaxies [i.e. 33] has enabled us to revisit it again. Further, it is well demonstrated that the supernova feedback is very important in determining the star formation in galaxies even in high redshifts [i.e. 34]. Therefore, in this work, we explore the luminosity functions of high redshift Lyman-α emitters taking into the supernova feedback in the star formation.
Further note that star formation efficiency (SFE) of high redshift galaxies is a very important physical property as it plays the key role in any processes associated with galaxy evolution. Especially it decides galaxy driven processes such as reionisation history and Lyman-α emitting galaxies are likely to play important role in reionisation. The star formation efficiency is basically defined as the fraction of baryonic gas that is converted to stars in a virialized dark matter halo. In any semi-analytical model it is the most basic parameter that one assumes. Thus it is important to constrain this from available observations. Some previous works such as [35] , using cosmological simulation, claimed that SFE around 2.5% is enough to fit the observed Lyman-α luminosity function at z = 3.1. Further, [29] found a non evolving nature in SFE and suggesting the SFE be 10% between z = 5.7 and 6.5. By considering early reionization model(ERM) and late reionization model(LRM), [26] also provided a constant SFE value for z = 4.5 to 6.56 ( 10% for ERM and 8% for LRM). In this work we also constrain the star formation efficiency in Lyman-α emitting galaxies in a wide redshift range of 2 ≤ z ≤ 7.3 using all updated observations. The paper is organised as follows. In next section we briefly describe our semianalytical model. Our results are discussed in section 3 and finally in section 4 we conclude. Here, we consider the ΛCDM cosmology frame work and use the cosmological parameters of W MAP 5 data [e.g. 
Lyman-α Luminosity Function
We first proceed to estimate Lyman-α luminosity functions of galaxies at different redshifts. In order to do so, we consider the supernova feedback regulated star formation model of [37] for individual galaxies. We briefly describe the model here.
Star formation model
The baryonic gas inside a dark matter halo, after virialization, is heated up to the virial temperature of the halo. The gas then cools down due to radiative cooling and accretes to the centre of the halo. Such accretion of cold baryonic gas towards the centre of halo enhances the baryonic density at the central part and leads to star formation in a galaxy.
On the other hand, massive stars explode as supernovae in relatively short time scale, which drives the cold baryonic gas out of the galaxy. Such outflow reduces the star formation in the host galaxy as availability of cold baryonic gas goes down. We assume that the outflowing mass is proportional to the instantaneous star formation and the star formation is proportional to the available cold gas. Such an assumption is motivated by Kennicutt-Schmidt law [38] that says the star formation rate is proportional to gas density. Finally, the star formation rate (Ṁ * ) in a halo of total mass M evolves as [37] 
Here, f * governs the star formation efficiency of the galaxy and κ determines the duration of star formation activity in terms of the dynamical time scale, τ . Throughout this work we have assumed κ = 4, which is determined by constraining UV lumniosity functions of LBGs [34] . Further, M b is the total baryonic gas mass in the halo which is taken to be
The supernova feedback process is regulated by the parameter η w , defined asṀ w = η wṀ * [37] , where M w is the baryonic mass driven out from the host galaxy by the outflow and over dot represents the time derivative. Note that, depending on the outflow mechanism, η w can be related to the circular velocity of the galaxy (v c ) as
c is the circular velocity for the galaxy where η w = 1. Further, if the outflow is driven by the hot gas and/or cosmic rays produced in supernovae shocks, then α = 2. On the other hand, if the momentum of the gas drives the outflow, α = 1. It was shown by [37] [also see 34] that α = 2 model is preferred by various observations of high redshift galaxies and hence we use it here along with v 0 c = 100 km/s. Note that, the baryonic gas in halos collapsed in the neutral region of the universe can cool in presence of atomic hydrogen and host star formation, if the virial temperature (T v ) of the halo is greater than 10 4 K. Below this temperature (and hence in halos with T v < 10 4 K) gas can cool only in presence of molecular hydrogen. In this work, we only consider galaxies that are cooled via atomic hydrogen cooling. This leads to a minimum halo mass of 2.5 × 10 8 M ⊙ that can host star formation at z = 9. Further because of radiative feedback, galaxies collapsed in ionized region of the universe, due to the increased in the Jean's mass, can host star formation if the circular velocity is ≥ 35 km/s [see 37, [44] [45] [46] . For this we assume a complete suppression of star formation in galaxies with v c ≤ 35 km/s and no suppression in galaxies with v c ≥ 110 km/s. In the intermediate halo mass region, i.e. for halo mass with 35 km/s ≤ v c ≤ 110 km/s , we have used a linear suppression factor from 0 to 1 by which the star formation is reduced in such halos. Further, AGNs activities in high mass galaxies are likely to produce a negative feedback on star formation in those galaxies [47, 48] . In order to model that, we also consider a suppression factor of
−1 on star formation in high mass halos due to possible AGN feedback. Such a scenario explains the bright end of the UV luminosity functions of LBGs [34] .
Luminosity functions
The star formation described above will produce stars of different masses (we assume a Salpeter initial mass function of stars in the mass range 1 − 100 M ⊙ ). The UV photons coming from massive stars can ionize neutral hydrogen of interstellar medium (ISM). Recombination of those ionised hydrogen can lead to production of Lyman-α photons. In a case B recombination scenario, ∼ 2/3 of ionising photons produce Lyman-α photons [49] . Thus, the star formation rate (i.e. Eq. 1) can be used to calculate the Lyman-α luminosity(L int Lyα ) produced in a star forming galaxies, i.e. [27] ,
Here, hν α is the energy of a Lyman-α photon, i.e. hν α = 10.2 eV and f esc is the escape fraction of the hydrogen ionizing photons from the host galaxy. Further, N γ represents number of hydrogen ionizing photons produced per unit baryonic mass of star formation and it depends on the initial mass function and the metalicity of the gas. For our work we have taken N γ = 10, 840 per baryonic mass [50, 51] . Escape fraction of ionizing photon (f esc ) from host galaxy is a poorly known quantity from observation [35, 52, 53] . In our work we have used f esc = 0.1 that self consistently reproduces the observational constraints on reionisation. We will also consider how our model predictions differ for a range of f esc as it is constrained from observations. Note that Eq. 2 provides the intrinsic Lyman-α luminosity of a galaxy. However, Lyman-α luminosity that we observe is less than that because it can be absorbed in the host galaxy ISM as well as in the IGM by the dust as well as neutral hydrogen. We consider a fraction f Lyα esc of the total Lyman-α finally reaches to us. Thus the observed Lyman-α luminosity of a galaxy is given by
In order to calculate the Lyman-α luminosity functions we need the formation rate of halos/galaxies at different redshifts. We use the redshift derivative of Sheth-Tormen (ST) mass function [54] to calculate the formation rate of dark matter halo. Note that redshift derivative of mass function provides the difference of the formation and the destruction rate of halos. Here we assume that redshift derivative of ST mass function closely follows the formation rate of halos [see 55, for a detail discussion on it]. The Lyman-α luminosity function Φ(L, z) for luminosity L at a given observed redshift z is given by [37] 
Here, N(M, z c ) is the number density of the dark matter halos having masses between M to M+dM and collapsed between z c and z c + dz c , obtained from the ST mass function.
, ensures that the integral survives only for those galaxies with mass M which formed at z c greater than the observed redshift z and having observed Lyman-α luminosity, L(M, z, z c ). Further, the lower limit of the mass integral, M low , is decided by the cooling criteria discussed above. Note that not all galaxies are likely to show up as Lyman-α emitters. In fact it has been found observationally that only a fraction of galaxies that are found using the Lyman-break technique is detectable as Lyman-α emitters [see [56] [57] [58] . Thus, in our work we assume that a fraction, G f of all galaxies shows up as Lyman-α emitters. We simultaneously fit observed UV luminosity function of Lyman-break galaxies (LBGs) and UV luminosity function of Lyman-α selected sample at a similar redshift to obtained the value of G f . In order to obtained UV luminosity functions of LBGs we follow [37] . Note that Eq. 4 can be used to calculate UV luminosity function of LBGs if the luminosity L is the UV luminosity of the galaxy that can be obtained by convolving the star formation rate with UV luminosity of a single burst of star formation [see 51, for detail]. Further, the UV luminosity is also affected by the dust in the galaxies i.e. dust attenuation and like the Lyman-α luminosity we assume that only a fraction 1/η of the intrinsic UV luminosity is finally reached to us. Thus, we use the combination, f * /η as a free parameter of our model and fit the observed UV luminosity function of LBGs at different redshifts by varying that [51] . On the other hand we vary f * f Lyα esc combination with redshifts to fit observed Lyman-α luminosity functions at different redshifts. [59] data of UV LF for Lyman break galaxies and cyan circles (empty and filled) represent the UV LF for Lyman alpha emitters [7] . Empty cyan circles, due to incompleteness in observational data, are excluded from fitting process.
Results
In this section we show our model predictions and compare them with the available observations in order to constrain our model parameters. We first concentrate at redshift z = 3. In Fig. 1 we have shown the UV luminosity functions of LBGs at z = 3 as predicted by our model by the solid red line. The corresponding observational data are shown by the red filled triangles with error bars adopted from [59] . We have used χ 2 minimization technique to match our model with observation. It is clear from the figure that a reasonably good agreement is obtained between the model and observed data with value of f * /η = 0.144. We now turn to the UV luminosity function of Lyman-α emitters in the similar redshift, i.e. z = 3.1. As mentioned above we assume that a fraction G f of all LBGs shows up as LAEs. Thus we scaled the above fitted UV luminosity function of LBGs by factor G f to match with the observational UV luminosity function of LAEs keeping all other parameters the same. The model prediction and the observational data from [7] are also shown in Fig. 1 by the dashed red curve and solid magenta filled circles with error bars respectively. We see that a good agreement is obtained with G f = 0.10. Similar values were obtained by [56] and [43] . Thus we conclude that only 10% of total galaxies shows up as LAEs at z = 3.1. Note that, due to larger uncertainties in the UV luminosity function of LAEs we do not use χ 2 -mechanism to obtain the value of G f . Further, due to incompleteness in the observed data points of the two lowest luminosity Figure 2 . Lyman-α luminosity function of Lyman-α emitters at z = 3.1. The solid line is for our best fit model and the data points are taken from [7] . In all panels, blue solid line indicates our model predicted luminosity functions. Red filled circles represent the observational data of Lyman-α luminosity function taken from [9] (z = 2), [7] (z = 3.7 and 5.7), [10] (z = 4.5), [8] (z = 6.6) and [11] solid line and the observed data points from [7] (filled circles). Here also, we use χ 2 -minimization to fit the model with observation by varying f * f Lyα esc . We can see that our model well reproduces the shape and amplitude of the Lyman-α luminosity function of LAEs. Thus our feedback induced star formation model provides a good description of Lyman-α emitters at z = 3.1. The fitted value along with 1σ uncertainty for f * f Lyα esc is 0.047±0.007 at z = 3.1. Now, as already mentioned [33] has measured f Lyα esc = 0.07±0.04 from observations at z = 3. Using this we estimate f * = 0.67 ± 0.45 where we add the observational uncertainty in f Lyα esc and the fitting uncertainty of f * f Lyα esc in quadrature. Note that the bright end of the observed Lyman-α luminosity function suffer from cosmic variance due to limited survey volume and future large volume survey will help us to understand the nature of such bright LAEs.
The procedure described above for z ∼ 3 has been followed for all other redshift bins, z = 2.0, 3.7, 4.5, 5.7, 6.6 and 7.3. The resulting values of G f , f * f Lyα esc and hence the f * are tabulated in Table 3 . We also provide the best fit χ 2 values. The fitted Lyman-α luminosity functions of LAEs and the observational data are shown in Fig. 3 . Note that the observed UV luminosity function of LAEs in all these redshifts are not available except for z = 3.1, 3.7 and 5.7 and hence G f can not be estimated at those redshifts (i.e. at z = 2, 4.5, 6.6 and 7.3) using the procedure describe earlier for z = 3. In absence of this, at z = 2.0 we have used G f = 0.10 as obtained from near by redshift (i.e. at z = 3.1) as well as G f = 0.05 because of the trend seen from other redshifts that G f decreases with decreasing redshift. From the value of χ 2 we see that both these values provide similar fit the observed Lyman-α luminosity function. For z = 4.5, using G f as obtained at z = 3.7 or 5.7 our model predictions do not provide a good fit to the observational data as can be seen from the value of χ
2 . An intermediate value G f = 0.30 provide the best fit in this redshifts. This is also consistent with the increasing trend of G f with increasing redshift. For z > 5.7 we have used G f = 1.0 as obtained at z = 5.7, and we get good fit of the model predictions with observational data. Thus we conclude that even though the fraction of galaxies, that are detected through narrow band Lyman-α emission is only ∼ 10 % at z = 2, it increases rapidly with increasing redshift and reaches to unity just after the end of the reionisation process. Hence, during the reionisaton period all galaxies are expected to have strong Lyman-α emission. Similar results were obtained by [43] in spite of the fact that they did not take account of supernova feedback in star formation. Further, it is clear from the Fig. 3 and the χ 2 per degrees of freedom as given in Table 3 that our models provide a good fit to the observed Lyman-α luminosity function of LAEs in the entire redshift range from z = 7.3 to 2.0. The best fit values of f * f Lyα esc along with 1 − σ uncertainty are reported in column 4 of Table 3 . Thus we can say that the SNe feedback is operating in the high redshift galaxies with strong Lyman-α emission.
Most interesting result of our work is the redshift evolution of star formation efficiency in LAEs as can be seen from the values of f * at different redshifts (see Table 3 ). Note that the parameter f * used here in not exactly the canonically used star formation efficiency. The fraction of total baryonic gas that will eventually convert to stars in the galaxy is f * /(1 + η w ) in presence of supernova feedback and this should be compared with the observations of M b /M * . It is clear from the Table 3 as well as Fig. 4 where we have plotted f * /(1 + η w ) as a function of redshift that within the uncertainty the star formation efficiency does not show any evolution in the LAEs for the entire redshift range of z = 2 to 7.3. Thus, we conclude that even though the fraction of galaxies that shows up as LAEs changes drastically from reionisation to late universe, the star formation efficiency does not change significantly in those Lyman-α emitting galaxies. In particular, given the observational uncertainty and hence the uncertainty in derived star formation efficiency, no trend can be identified in the redshift evolution of star formation efficiency. Red filled circles denotes the SFE for each redshift bin.
Variation of model parameters
There are two crucial model parameters that are poorly constraint from observations, namely the escape fraction of UV photon, f esc and the fraction of galaxies that are detected as LAEs, i.e. G f . Here we show how these two parameters affect our results. First we concentrate on f esc that appear in the Eqn. 2. Note that this parameter also regulate the reionisation history and hence we show our results only for z = 6.6 i.e. when the IGM is likely to have significant neutral fraction. Various observations have reported value of f esc in the range of 0.05 to 0.3 [52, 53] for high redshift galaxies. In Fig. 5 we show the model predicted Lyman-α luminosity function along with observed data for f esc = 0.05, 0.1 and 0.3. It is clear from the figure that all three models produce similar fit for the observed data. The χ 2 per d.o.f for these three models are 2.30, 2.00, 2.27 respectively for f esc = 0.05, 0.1 and 0.3. The resulting values of star formation efficiency are f * = 0.14 ± 0.07, 0.15 ± 0.09, 0.20 ± 0.10. Thus within the uncertainty, the star formation efficiency does not change significantly for a wide variation in the value of escape fraction of UV photon from the galaxy. We note that similar results are also obtained from any other redshifts that are being considered in this work.
Next we consider the variation of G f . Note that recent observations have resulted very low value of G f for z ≥ 6 [60] [61] [62] . Thus it is important to see how such variation affect our results. We show in Fig. 6 the Lyman-α luminosity functions at z = 7.3 for different G f = 1, 0.5 and 0.3. All three models predict luminosity functions that are consistent with the observation. Fitted values of minimum χ 2 are unable to distinguish between models given the large uncertainty in the observed data. However, for lower value of G f = 0.3 we need unrealistic value of the star formation efficiency parameter, f * = 1.0 ± 0.7. Thus an improved measurement of the Lyman-α luminosity functions at z = 7.3 is needed in order to understand the physical processes happening inside these Lyman-α emitting galaxies. 
Conclusion
We have presented semi-analytical models of galaxy formation and evolution to understand the redshift evolution of luminosity functions of LAEs and their physical properties. In particular we have used star formation model regulated by supernova feedback along with Sheth-Tormen halo mass function to obtain simultaneously the UV and Lyman-α luminosity functions of LAEs in the redshift range z = 2 to 7.3. Our models correctly reproduce the shape and redshift evolution of both UV and Lyman-α luminosity functions of LAEs demonstrating the fact that the supernova feedback is indeed operational in high redshift Lyman-α emitters. Finally we derive the average star formation efficiency of the Lyman-α emitting galaxies at different redshifts using observational constraint of escape fraction of Lyman-α emission from galaxies. We show that the fraction of Lyman-α emitting galaxies increases with increasing redshift, reaching to unity just after the end of reionisation, i.e. at z = 5.7. On the other hand the star formation efficiency does not vary significantly before and after reionisation in those Lyman-α emitting galaxies. This conclusion is independent of the uncertainty in the escape of UV photon from those galaxies. Such a result was also obtained by previous work by [24, 29] who showed that the change in the Lyman-α emitter fraction compared to LBGs are due to change in the IGM or surrounding halo gas, not due to change in the physical properties of LAEs. Further, we show that one needs to fit all available data of LAEs in order to constraint the physical properties of LAEs (also see [24] . [24] also showed that a highly fluctuating f Lyα esc is needed to match recent observations that shows very small fraction of LAEs at z > 6. Our models also require unphysical parameters such as star formation efficiency of order unity in order to understand such a low fraction of LAEs while fitting simultaneously the UV and Lyman-α luminosity functions of LAEs. However, we also wish to point out that this conclusion is highly biased due to large uncertainty in the observed luminosity functions of LAEs and also in the measurements of the escape fraction of Lyman-α photons from the galaxy. Precise estimation of these in a large volume survey would enable us to more accurately constrain the evolution of the star formation efficiency in the Lyman-α emitters.
